By coupling the Fenton reaction with the glucose oxidase (GOD)-catalyzed reaction, we have developed a fluorometric method for the determination of glucose; the linear response range and the detection limit are 0.108 -2.59 µg/ml and 0.0432 µg/ml, respectively. This approach is selective and has the advantages of using inexpensive reagents and avoiding interferences. Satisfactory results were obtained for the determination of glucose in human serum samples.
Introduction
The content of glucose in human body has an important direct effect on the health of people, since it is the starting point for the development of an alarm system for detecting hypo-or hyper-glycaemia and ultimately for a closed-loop insulin delivery system. So the quantitative determination of glucose is a widespread analytical routine task carried out in clinical and microbiological laboratories and in the food industry. For such determination, a great number of methods have been reported, including spectrophotometric methods, 1,2 chemiluminescence methods, [3] [4] [5] electrochemical methods [6] [7] [8] and liquid chromatography. [9] [10] [11] The spectrophotometric methods are the most common ones for the determination of glucose due to their simplicity and rapidity. However, many of them are poor on sensitivity and selectivity. 1, 2, 12, 13 The most notable characteristics of chemiluminescence methods are their higher sensitivity compared with other methods. 14 Despite all that, the reagents which exhibit characteristic luminescence while oxidized by hydrogen peroxide are difficult to find, so their application is limited. Electrochemical methods for the determination of glucose are widely used 15 because of their high sensitivity and rapidity. However, they are expensive and easily suffer from some reductive substances such as vitamin C and uric acid. 5, 6, 16 Moreover, their long-term stability may be poor. 6, 17 The liquid chromatography with either UV-Vis spectrophotometric or refractive index detection has high selectivity in the determination of glucose. 8, 9 But it is well-known that the method involves some complicated and time-consuming sample preparation steps, consumes a lot of organic solvents and has low sensitivity. Hitherto, fewer fluorescence techniques with high sensitivity and selectivity have been reported for the determination of glucose. 18, 19 The techniques, as with other molecular spectroscopy methods as well, need expensive peroxidase or mimetic peroxidase in the measurement of the hydrogen peroxide formed during the reaction of GODcatalyzed oxidation of glucose by atmospheric O2. By substituting an inexpensive reagent ferrous sulfate for peroxidase or mimetic peroxidase, researchers have developed a new promising fluorometric method based on coupling GODcatalyzed oxidation of glucose with the well-known Fenton reaction, in which ferrous ion reacts with hydrogen peroxide formed in the first stage of the assay reaction to yield the hydroxyl radical. 20 Then the hydroxyl radical is scavenged by quinoline to form dihydroxylated products which fluoresce strongly. The presence of ten factors of cane sugar or vitamin C did not affect the measurement of glucose concentration. The linear response range and the detection limit of this method are 0.108 -2.59 µg/ml and 0.0432 µg/ml, respectively. Obviously, the sensitivity of the proposed method and the sensitivity of the above-mentioned many spectroscopic methods are comparable. It takes about 30 min to analyze one sample with it, but it has higher selectivity and does not need peroxidase. It was applied to the measurement of glucose in human serum and satisfactory results were obtained.
Experimental

Apparatus
All fluorescence measurements were performed with 10-mm quartz cells on a Shimadzu RF-5301PC spectrofluorometer (Kyoto, Japan); pH-values were obtained with a pXS-350 ionometer (Shanghai Second Analytical Instrument Plant, China). A Shimadzu T-85 thermo bath was used to control the reaction temperature.
Chemicals
All reagents were of analytical grade or the best grade commercially available. All human serum samples were obtained from Shandong Agricultural University Hospital. Doubly deionized water was used throughout.
A hydrogen peroxide working solution of 2.00 × 10 -4 M was freshly prepared by diluting a stock solution which was standarded by potassium permanganate. GOD (E.C.1.1.3.4 = 123 units/mg, from Toyobo Co., Osaka, Japan) solution was prepared at 5.1 units/ml. A glucose stock solution of 0.1000 M was prepared and further diluted as required. The solutions of 5.0 × 10 -3 M quinoline, 1.00 × 10 -3 M ferrous sulfate, 2.40 × 10 -3 M cane sugar and 2.40 × 10 -4 M fructose were also made by dissolving quinoline, ferrous sulfate, cane sugar and fructose with water, respectively.
Procedure
To a 10-ml colorimetric tube were added 2.5 ml of GOD and an appropriate volume of glucose working solution or diluted serum sample deproteinized by zinc sulfate-barium hydroxide method. 21 After the mixture was incubated at 25 ± 1˚C for 10 min, 0.4 ml 1.00 × 10 -3 M ferrous sulfate solution, 0.15 ml 5.0 × 10 -3 M quinoline solution, and 0.15 ml of 0.05 M H2SO4 were added, and the concentration was diluted to 5 ml. After 20 min of the reaction, 1.4 ml 0.20 M NaOH was added and the concentration was diluted to 10 ml with water (pH 12.5). The fluorescence intensity of the solution was measured at an excitation wavelength of 352 nm and an emission wavelength of 444 nm.
Results and Discussion
Fluorescence spectra for quinoline-Fe 2+ -H2O2 system and reaction scheme It was reported that ferrous sulfate reacted with hydrogen peroxide to yield the hydroxyl radical in sulfuric acid, known as the Fenton reaction, 22 and that quinoline easily yielded hydroxylation reaction with hydroxyl radical. 23 Laura 24 found that quinoline was turned into 5,8-dihydroxylquinoline on treatment with light when it was added to the Fenton reaction system. In this study, when quinoline was placed in Fe 2+ -H2O2 system at pH 2.5, then adjusted to pH 12.5 after 20 min of reaction, very strong fluorescence occurred at an excitation wavelength of 352 nm and an emission wavelength of 444 nm, but no fluorescence existed for quinoline or 8-hydroxylquinoline aqueous solution under the basic condition (Fig. 1) . So we suggest that quinoline reacts with hydroxyl radical from the Fenton reaction to form 5,8-dihydroxylquinoline, which fluoresced strongly in basic medium. Further study showed that, when glucose and its oxidase were added into the quinoline-Fe 2+ system, the strong fluorescence appeared under optimum reaction and measurement conditions. The following reaction scheme was suggested. 
Reaction conditions
The optimum conditions for the production of 5,8-dihydroxylquinoline were determined by varying the pH values of the fluorescent products, the reaction time, and the Fe 2+ concentration.
At about pH 2.5, quinoline solution was added to Fenton reaction system; after 20 min of reaction at 25 ± 1˚C, the fluorescence intensities were measured at different pH values. The pH dependence of the fluorescence intensities of this system is shown in Fig. 2. Figure 2 indicates that the fluorescence signal increases at pH 2.5 -10.0, enhances dramatically at pH > 10.0 and reaches a plateau between pH 11.8 and 13.0. This is due to dissociation of hydroxyl groups at rings of quinoline. With enhancement in pH, the dissociation degree of hydroxyl groups at rings of quinoline increases and fluorescence intensity improves. At pH > 11.8, hydroxyl groups at rings of quinoline are mostly dissociated and the fluorescence signal reaches a maximum value.
The dependence of the fluorescence signal on Fe 2+ concentration was studied. As shown in Fig. 3 in Fe 2+ concentrations because of increase of hydroxylated products. However, at cFe 2+ > 4.0 × 10 -5 M, the fluorescence signal decreases. This may mean that at pH 12.5 Fe 2+ is rapidly oxidized to Fe 3+ . Fe 3+ is unstable in the resulting solution and slowly precipitates on standing, presumably as the hydroxide and/or oxide. The presence of colloidal iron decreases the signal, an interference that worsens as the Fe 3+ concentration increases. So the optimum ferrous ion concentration lies at around 4.0 × 10 -5 M.
The dependence of fluorescence signal on reaction time is shown in Fig. 4 . Figure 4 illustrates that the fluorescence signal for the solution reaches a plateau at reaction time above 18 min, as expected from kinetic considerations. This indicates that the reaction has finished at 18 min. So we selected a 20-min reaction time in our experiments.
The effect of different concentrations of hydrogen peroxide on the fluorescence signal is shown in Fig. 5 . Figure 5 indicates the change of fluorescence intensities for quinoline-Fe 2+ -H2O2 system at different H2O2 concentrations under our experimental conditions and also shows that the fluorescence intensities are linear for H2O2 concentrations between 2.4 × 10 -7 M and 9.6 × 10 -6 M. The correlation coefficient is 0.9974. Unfortunately, the fluorescence intensity begins to deviate from a linear response to H2O2 concentrations above 9.6 × 10 -6 M.
Calibration and sensitivity
According to the above procedure, a series of glucose solutions were prepared. Their fluorescence spectra are shown in Fig. 6 . Figure 6 reveals that fluorescent intensities enhance with increase in glucose concentration. Based on this reason, we further studied the relation between the fluorescence signal and glucose concentrations (Fig. 7) . Figure 7 indicates that the calibration graph for glucose is linear in the range of 0.108 -2.59 µg/ml. The detection limit of this method is 0.0432 µg/ml, based on a signal to noise ratio of 2. The linear regression equation is as follows: IF = 12.334 + 79.598cglucose with a correlation coefficient of 0.9998 (n = 7). At cglucose > 2.59 µg/ml, the fluorescence intensity begins to deviate from a linear response to glucose concentrations.
Interferences
The effects of cane sugar, fructose and vitamin C on the 411 ANALYTICAL SCIENCES APRIL 2005, VOL. 21 determination of glucose were examined. In our experiments, the presence of ten times excess concentration of cane sugar or vitamin C did not affect the measurement of glucose. However, five times excess concentration of fructose resulted in a positive interference for the determination of glucose. This may involve the isomerization of fructose.
Determination of the glucose in human serum sample
The determination of glucose was carried out in five human serum samples according to the procedure described in the experimental section. The analytical results for them obtained by this proposed approach were shown in Table 1 . The glucose values in the same serum samples were also determined by a routine spectrophotometric method 25 in order to prove the reliability of this method. As listed in Table 1 , no marked differences are present.
In order to further show the feasibility of this proposed method, the recoveries of glucose in the above mentioned five serum samples were examined. Table 2 indicates that the recoveries are between 98.6% and 104.9% and that these results obtained by this proposed approach are thus satisfactory.
Conclusion
By coupling with the GOD-catalyzed reaction, we have developed and demonstrated the use of the Fenton reaction as an analytical tool for the determination of glucose. The results have shown it to be selective and linear for the measurement of glucose in human serum, in spite of its similar sensitivity with most other spectroscopic methods and the longer analytical time needed with the method. Moreover, the approach has the advantages of using inexpensive reagents and avoiding interferences.
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